Introduction {#sec1}
============

Mesenchymal stromal cells (MSCs) have emerged as a potential salvage therapy for steroid-refractory graft-versus-host disease (GvHD) because of their immunomodulatory properties.[@bib1] There is an urgent need for effective second-line therapies for allogeneic hematopoietic stem cell transplantation (allo-HSCT) recipients who develop steroid-resistant acute GvHD (aGvHD), because these patients have a very poor prognosis with overall survival of less than 10%.[@bib2] Several studies have presented promising early clinical results when utilizing bone marrow-derived MSCs to treat severe GvHD.[@bib3], [@bib4], [@bib5], [@bib6] MSC treatment efficacy, as measured by the two most relevant clinical endpoints, namely response to treatment and overall survival, has been reviewed in two recent meta-analysis studies,[@bib7], [@bib8] suggesting that MSCs could be utilized as a treatment option for steroid-refractory GvHD and could improve long-term survival of allo-HSCT recipients. We, among others, have recently shown that some patients treated with bone marrow-derived third-party MSCs respond to MSC therapy with a significant improvement in the aGvHD symptoms of the frequent target organs intestine, liver, and skin.[@bib9]

The MSCs are usually derived from a third-party donor and are used in a non-HLA-matched manner in the current aGvHD treatment regimens. MSCs have the theoretical ability to influence several immune cell types *in vivo*, including T, B, and NK cells, which is one of their proposed immunomodulatory mechanisms.[@bib10] Simultaneously, they pose a risk of activating allo-immune responses.[@bib11] MSCs are, however, typically considered hypo-immunogenic and well tolerated, but detailed molecular knowledge of the immunological safety and the actual mechanism of MSC therapy is still limited.[@bib10], [@bib12] It is also becoming evident that albeit some patients with severe aGvHD markedly benefit from MSC treatment, other patients experience no improvement of the symptoms. Biological markers predicting or reflecting MSC treatment response in GvHD would help in distinguishing patients responding to MSCs and in designing more effective treatment protocols. The utilization of serum proteins in prediction of allo-HSCT transplant outcome and GvHD prevalence has been extensively studied.[@bib13], [@bib14], [@bib15], [@bib16] While some promising biomarker panels have been introduced to predict GvHD after HSCT, the correlation of serum proteins with MSC treatment response has been addressed only in a few studies.[@bib17], [@bib18], [@bib19], [@bib20] Monitoring of serum protein concentrations supplementary to the traditional aGvHD organ grading could be informative in the MSC treatment setting because changes in biomarker concentrations can precede the clinical symptoms of aGvHD.[@bib21], [@bib22]

In the present study, our aim was to evaluate the immunological response to and safety of MSC therapy in aGvHD, and to study the usability of cell and protein markers in the prediction and follow-up of MSC treatment response. We recently reported the day 28 response and survival of 30 patients treated with MSCs for steroid-refractory GvHD.[@bib9] A subgroup of the aforementioned patient cohort, comprising 16 consecutively treated adult patients with aGvHD, was included in this study. We analyzed the lymphocyte profiles, with a special focus on CD4^+^ T helper (Th) cell subpopulations, and serum concentrations of three proteins proposed to describe the damage of aGvHD target organs, regenerating islet-derived protein 3-alpha (Reg3α), cytokeratin-18 fragments (CK18F), and elafin, to: (1) explore the immunological response, (2) explore any signs of a potential immune activation provoked by MSCs, and (3) retrospectively evaluate the utility of serum markers in prediction of MSC therapy response and in patient follow-up.

Results {#sec2}
=======

Lymphocyte Counts Remained Low in Patients and Did Not Correlate with MSC Treatment Response {#sec2.1}
--------------------------------------------------------------------------------------------

We were able to complete the immune cell profiling as planned for 11 patients, including 4 responders (2 with complete response and 2 with partial response) and 7 non-responders (day 28 response; Salmenniemi et al.[@bib9]). The evaluation of the clinical response is described in more detail in the [Materials and Methods](#sec4){ref-type="sec"}. Samples were collected before the first MSC infusion (day 0) and approximately 1 week (range 5--16 days) and 1 month (range 27--32 days) after the first MSC dose ([Table 1](#tbl1){ref-type="table"}). We first performed a lymphocyte differential counting. The average absolute numbers of T cells (CD3^+^) and B cells (CD19^+^) were generally low before the first MSC dose in all patients and remained unaltered in the follow-up samples ([Figure 1](#fig1){ref-type="fig"}A). Also, the average number of NK cells (CD16^+^CD56^+^) remained at a constant, moderately low level during the MSC treatment ([Figure 1](#fig1){ref-type="fig"}A). The average lymphocyte counts in patients responding and not responding to MSCs were not significantly different ([Figure 1](#fig1){ref-type="fig"}B), and no correlation of lymphocyte numbers with the 3-month or 6-month survival was noted (data not shown).Figure 1Lymphocyte Counts in Patients Treated with MSCsNumbers of T cells (CD3^+^, CD4^+^, CD8^+^), NK cells (CD16^+^CD56^+^), and B cells (CD19^+^) in samples collected from patients before the MSC treatment (day 0) and approximately 1 week and 1 month after the first MSC dose are shown. The shaded area represents the current reference interval (range of cell numbers) for a healthy population. (A) Individual lymphocyte numbers in each patient, with mean values and 95% confidence intervals. The numbers of CD3^+^, CD4^+^, and CD19^+^ lymphocytes were very low throughout the follow-up period. (B) Lymphocyte numbers in patients grouped according to the day 28 response to MSCs. Cell numbers are shown as a whisker plot showing the mean value and range. The Kruskal-Wallis test was used to calculate statistical significance. There was no statistically significant difference between the lymphocyte numbers of responding (n = 4) and non-responding (n = 7) patients or between different sample collection time points.Table 1Blood Sampling for Immune Cell and Serum Protein AnalysisPatient Characteristics during MSC TreatmentCell SamplesSerum SamplesPatient No.Day 28 ResponseHSCTGvHDPre-MSC1 Week1 MonthPre-MSC1 Week1 Month*→MSC (days)*1CR4213072807252PR2345052808424CR147707*ns*07267PR129190728074116CR638*nsnsns*043117CR9011*nsnsns*073218VGPR438278*nsnsns*072819VGPR397*nsnsnsns*7283NR2570162706248NR41110*nsns*0*nsns*9NR496010*ns*07*ns*10NR61140828*ns*62711NR77220727072612NR1605908300132713NR591001132072115NR17577*nsnsns*0727[^2]

A more detailed analysis of T cell types revealed that the levels of CD4^+^ T cells were remarkably low in all patients, only 5--262 × 10^6^ cells/L, which is approximately 6--80 times lower than in healthy individuals ([Figure 1](#fig1){ref-type="fig"}). The numbers of CD8^+^ cytotoxic T cells were also reduced in the patients (55--945 × 10^6^ cells/L in patients and 190--1,140 × 10^6^ cells/L in healthy individuals). Again, no differences in the levels of CD4^+^ or CD8^+^ cells were noted with respect to the MSC response documented at day 28 ([Figure 1](#fig1){ref-type="fig"}B) or with the 3-month or 6-month survival (data not shown). Altogether, the patient lymphocyte numbers were on a level typical for post-HSCT recovery, and the results indicate that neither significant reduction nor excessive peripheral proliferation of lymphocytes was taking place during MSC therapy.

Relative Proportions of Th Cells Varied Only Moderately during MSC Therapy {#sec2.2}
--------------------------------------------------------------------------

We next analyzed the relative proportions of CD4^+^ Th cell subpopulations in the same 11 patients and 8 healthy control samples after *in vitro* stimulation. As shown in [Figure 2](#fig2){ref-type="fig"}, the mean relative proportion of Th1 cells in the patient samples before the first MSC dose was clearly higher (34% of CD4^+^ cells; range 4%--72%; median 37%) than in the samples collected from eight healthy volunteers (14% of CD4^+^ cells; range 3%--27%; median 12%). Interestingly, the mean proportion of Th1 cells in patients decreased closer to the levels of the healthy controls after initiating the MSC treatment, and although the difference between the sampling points was not statistically significant, the decreased Th1 level could still be observed 1 month after the first MSC dose ([Figure 2](#fig2){ref-type="fig"}).Figure 2Relative Amounts of CD4^+^ T Helper Cell SubsetsThe relative proportion (out of CD4^+^ gated cells) of circulating Th1, Th2, Th17, and FOXP3-expressing Tregs, measured from patient samples collected before the MSC treatment (day 0) and approximately 1 week and 1 month after the first MSC dose, as well from healthy volunteer samples, are shown. Closed circles represent samples from patients responding and open circles not responding to MSCs. Dashed line represents the lower limit of quantification of the method; inverted triangles are measured samples that could not be reliably quantified. Results are plotted as individual dots and means with 95% confidence intervals. The Kruskal-Wallis test was used to calculate statistical significance. All differences between the groups were statistically non-significant.

The relative numbers of Th2 and Th17 cells in patient samples were considerably low. The Th2 cell count was below the detection limit in all but five samples, derived from three non-responding patients ([Figure 2](#fig2){ref-type="fig"}; [Figure S1](#mmc1){ref-type="supplementary-material"}). Th17 cell count was also below the detection limit in the majority of patient samples. In five patients, however, a transient increase of Th17 cells was noted in either the 1-week or 1-month sample after initiating the MSC treatment, with the Th17 proportion in a similar range or even higher than in the healthy controls ([Figure 2](#fig2){ref-type="fig"}; [Figure S1](#mmc1){ref-type="supplementary-material"}).

CD4^+^ regulatory T cells (Tregs) were detected by intracellular staining of the transcription factor FOXP3. As compared with the healthy controls, the average Treg proportion in the patient samples was 2- to 3-fold higher, and it remained unaltered during the MSC treatment ([Figure 2](#fig2){ref-type="fig"}; [Figure S1](#mmc1){ref-type="supplementary-material"}).

The individual variation in proportions of Th subpopulations was considerable, and no consistent differences between the responder and non-responder groups were noted ([Figure 2](#fig2){ref-type="fig"}; [Figure S1](#mmc1){ref-type="supplementary-material"}). There was also no correlation with the 3-month or 6-month survival rate (data not shown). Taken together, these results suggest that MSCs did not provoke harmful T cell-mediated immune activation in aGvHD patients.

aGvHD-Associated Serum Markers Were Significantly Elevated in Patient Sera {#sec2.3}
--------------------------------------------------------------------------

We measured the concentrations of Reg3α, CK18F, and elafin in serum samples collected from all 16 MSC-treated patients (8 responders and 8 non-responders) prior to MSC treatment and at 1-week and 1-month follow-up points. We compared the protein concentrations in the patient samples with control samples collected from 108 healthy blood donors. In the patient samples taken before the initiation of MSC treatment, the mean concentrations of Reg3α, CK18F, and elafin were 365 ng/mL, 1557 U/L, and 60 ng/mL, respectively, while in the healthy controls they were only 25 ng/mL, 144 U/L, and 13 ng/mL, respectively (p \< 0.001, for each protein, Mann-Whitney test) ([Figure 3](#fig3){ref-type="fig"}A). The results indicate that these three proposed aGvHD markers were associated with aGvHD also in the present study.Figure 3Concentrations of GvHD-Related Serum Protein Markers prior to the MSC Treatment(A) Concentrations of Reg3α, CK18F, and elafin in patient samples (day 0) shown in comparison with samples collected from healthy blood donors (n = 108). Results are shown as individual dots and mean values, with error bars indicating 95% confidence intervals. (B) Concentrations of the proteins in samples grouped according to the GvHD organ involvement of the patient. Patients are divided into groups based on the GI GvHD severity and liver and skin involvement at the time of GvHD diagnosis (−, no involvement of an organ; +, involvement of an organ; GI +, stage 1--2 gastrointestinal GvHD; GI ++, stage 3--4 gastrointestinal GvHD). Results are shown as individual dots and mean values, with error bars indicating SD. The Mann-Whitney test was used to calculate statistical significance (\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001). Concentrations of all serum proteins were significantly higher in the patients than in the healthy controls; an elevated CK18F concentration was noted in the patients with liver GvHD, and a trend of higher elafin concentrations in the patients with skin GvHD.

CK18F and Elafin Concentrations Correlated with Affected Target Organs {#sec2.4}
----------------------------------------------------------------------

Correlation of the pre-MSC serum protein concentrations with the clinical manifestations of GvHD revealed that none of the markers could distinguish the less (stage 1--2) or more (stage 3--4) severe gastrointestinal (GI) GvHD in our patient cohort, where all patients had GI symptoms ([Figure 3](#fig3){ref-type="fig"}B). In contrast, CK18F was significantly increased in three patients who had elevated transaminases, indicating hepatic involvement of GvHD ("liver" GvHD; p = 0.005, Mann-Whitney test) ([Figure 3](#fig3){ref-type="fig"}B). A trend to increased concentrations of elafin was noted in the patients with skin GvHD (n = 11; p = 0.08, Mann-Whitney test) ([Figure 3](#fig3){ref-type="fig"}B). The patient group with skin GvHD also had an increased mean level of CK18F, but the highest concentrations were measured in the same three patients who had concurrent liver GvHD. These results are in line with the reported association of CK18F with liver GvHD and, correspondingly, elafin with skin GvHD.

CK18F Showed Moderate Potential in Prediction of MSC Therapy Response {#sec2.5}
---------------------------------------------------------------------

Comparison of protein levels in the patients responding and not responding to MSCs showed that there was a considerable individual variation in the protein concentrations throughout the follow-up period ([Figure 4](#fig4){ref-type="fig"}). The mean concentration of Reg3α did not differ considerably between the groups at any time point, while the mean concentration of elafin was 5-fold higher in the non-responders (100 ng/mL) than in the responders (19 ng/mL), and most notably, CK18F was on the average nearly nine times higher in the non-responders (2781 U/L) versus the responders (332 U/L) at day 0 ([Figure 4](#fig4){ref-type="fig"}A), albeit the differences were not statistically significant.Figure 4Concentrations of GvHD-Related Serum Protein Markers in the Patients Responding and Not Responding to MSC Therapy(A) Concentrations of Reg3α, CK18F, and elafin in serum samples collected from patients before the MSC treatment (day 0) and approximately 1 week and 1 month after the first MSC dose are shown. Results are shown as individual dots and mean values, with error bars indicating 95% confidence intervals. (B) Heatmaps showing the individual kinetics of the proteins during the follow-up period were created using log2 transformed concentrations. Patients are grouped according to the day 28 response to MSCs (A and B) and the GvHD target organ (B). The Kruskal-Wallis test was used to calculate statistical significance. All differences between the groups were statistically non-significant.

In the group with liver GvHD, CK18F levels decreased in the sole responding patient, but a decrease was noted also in one of the three non-responding patients ([Figure 4](#fig4){ref-type="fig"}B). Elafin levels, in turn, decreased in two and increased in two responders with skin symptoms ([Figure 4](#fig4){ref-type="fig"}B). Thus, in the present patient cohort, we found no evident value for the given serum proteins in MSC treatment follow-up. However, the results suggest that CK18F, which was on a particularly high level in the pre-MSC samples from non-responding patients with liver GvHD ([Figures 3](#fig3){ref-type="fig"}B and [4](#fig4){ref-type="fig"}), may have potential in the prediction of patients' response to MSC treatment.

Discussion {#sec3}
==========

We studied the immunological response to MSC treatment in patients with aGvHD by studying blood samples collected immediately before and up to 1 month after the MSC treatment. GvHD is a T cell-driven complication of allo-HSCT, and especially the pro-inflammatory Th1 and Th17 CD4^+^ cells are considered responsible for the extensive tissue damage characteristic of this disease,[@bib23] and Th1 and Th17 cell levels have been reported to increase in peripheral blood during active GvHD.[@bib24], [@bib25] MSCs are theoretically able to dampen excessive immune responses and induce tolerance *in vitro* through inhibition of these pro-inflammatory GvHD-promoting Th subsets and by induction of Tregs.[@bib26] Increased Treg levels have, for instance, been reported to be associated with the clinical remission in MSC-treated patients with systemic lupus erythematosus.[@bib27] Due to the proposed role of Tregs in the prevention and resolution of aGvHD,[@bib28], [@bib29], [@bib30] it should therefore be highly relevant to also study patient-specific levels of Tregs during an MSC treatment.

In line with previous studies, we can conclude that aGvHD patients indeed have elevated proportions of Th1 cells prior to MSC therapy, and a substantial decrease in Th1 cell proportions was observed during the MSC treatment. This, together with the relatively high and stable Treg levels, may reflect the desired immunosuppressive effect of MSCs, which skews the Th1/Treg ratio to a less inflammatory direction. We found no statistically significant differences in the relative proportions of Tregs between the patients responding and not responding to MSCs, which is in line with previous studies of Yin et al.[@bib19] and Te Boome et al.[@bib20] In the study of Dander et al.,[@bib17] where both complete responders were pediatric patients, decreased Th1 cell levels were also observed after MSC treatment, and this was further accompanied by an increase in Tregs. Our patient cohort consisted solely of adult patients and we, among others, have shown that children are more likely to respond to MSC therapy,[@bib8], [@bib9] which might partially explain the differing results between the published studies.

The total number of CD4^+^ cells was extremely low in all patients, which is frequent after allo-HSCT. Due to the low CD4^+^ T cell numbers, the proportions of Th2 and Th17 cells remained at an undetectable level through the MSC treatment with a few exceptions. In five patients, the proportion of Th17 cells transiently increased to a detectable level. In these samples, the Th17 cell amounts were up to two times higher than the average level in the healthy controls, but within the similar range as previously reported in patients with active GvHD.[@bib24], [@bib31] We cannot completely rule out the possibility of Th17 induction by MSCs, but it should be borne in mind that infections and other inflammatory events that are frequently seen in allo-HSCT recipients greatly influence the frequencies of the Th cell subsets. As reported previously, the infections in this patient cohort emerged not until 30--90 days after initiation of the MSC therapy,[@bib9] and without matching follow-up samples beyond 1 month we can merely speculate over potential causes for the Th17 induction.

Steroids and other immunosuppressive medications dampen immune responses. The patients in this cohort received a standardized GvHD prophylaxis protocol of either calcineurin inhibitor (CNI)/everolimus + short-course methotrexate (MTX) or CNI/everolimus + MTX + mycophenolate mofetil (MMF). All patients received a standardized protocol of 2 mg/kg methylprednisolone as first-line GvHD treatment as described previously.[@bib9] All patients, except one patient in the responder group, had received antithymocyte globulin (ATG; 2 doses of 2.5 mg/kg), which further standardizes the given GvHD prophylaxis in this patient cohort. At the time of the MSC treatment, most of the patients still received GvHD prophylaxis and 2 mg/kg of methylprednisolone and with no major differences between the responders and the non-responders. It is, however, impossible to draw any conclusions of patient-specific differences in GvHD prophylaxis and steroid dosing during the MSC therapy and its potential impact on the outcome with such small patient numbers. Interestingly, however, we can conclude that in this particular subcohort, more patients in the non-responder group had received the CNI/everolimus + MTX + MMF GvHD prophylaxis protocol versus the responder group (63% versus 13%, respectively). A more specific association analysis of GvHD prophylaxis protocols and corticosteroid dosing and outcome of MSC therapy needs to be performed with a substantially larger patient cohort when available. However, the noted overall immunological inertness of the patients, combined with the lack of serious treatment-related adverse effects in our study, suggest that MSC therapy is an immunologically safe salvage treatment option for patients with severe aGvHD.

The three protein markers that we analyzed from patient serum samples were selected because of their reported organ-specific association with aGvHD. Reg3α, which is an anti-microbial peptide secreted by Paneth's cells in intestinal crypts, is an extensively validated serum marker of GI GvHD.[@bib32], [@bib33] Elafin is an epidermal protease inhibitor whose plasma levels have been reported to increase in GvHD patients with skin symptoms.[@bib34] CK18F, in turn, is a caspase-cleaved fragment of cytokeratin-18 that is detectable in serum and its levels correlate with the extent of epithelial damage. High CK18F levels have been reported in patients with steroid-refractory GI and liver GvHD.[@bib35], [@bib36] The concentrations of all three proteins were significantly higher in the patient than in the healthy blood donor samples in our study, supporting previous reports of their suitability as biological markers of aGvHD. Because Reg3α, CK18F, and elafin all are also indicators of ongoing tissue damage, it is of note that their average serum concentration in patients did not increase during the follow-up period.

The selected proteins appeared not to be optimal candidates for patient follow-up during MSC treatment. This was most evident with Reg3α, whose average concentration remained indistinguishable between the responder and non-responder groups throughout the MSC treatment period. Also, fluctuations in elafin concentrations during MSC treatment were highly individual, and no concordant changes between the responders and non-responders were noted. The most promising serum marker in our study was CK18F. The 9-fold elevated concentration of CK18F in the pre-MSC samples from non-responders suggests that serum CK18F could have potential in prediction of MSC therapy response. The average CK18F concentrations remained stable both in the responders and non-responders at later sampling points, which is in contrast to the results of Jitschin et al.,[@bib18] who described a decrease in CK18F levels in six patients treated with MSCs. Together these results give promise for the usefulness of CK18F in the MSC therapy setting and warrant future studies with larger patient cohorts.

Conclusions {#sec3.1}
-----------

We studied the immunological responses of 16 adult patients treated with bone marrow-derived MSCs for severe steroid-refractory aGvHD. We observed that a clinical response to the MSC therapy was not evident in the immune profile of the aGVHD patients. On the other hand, the MSCs did not either provoke any significant T cell-mediated immune activation in patients with aGvHD. The level of lymphocytes was low as frequently seen in aGvHD, especially after initiation of steroids, and remained stable during MSC treatment. The results of this study support the view that MSCs: (1) do not raise an immune response, at least in heavily immunosuppressed patients; and (2) can be safely utilized from unmatched third-party donors. Interestingly, we can conclude that our results are in line with the very recently published work by Galleu and colleagues,[@bib37] where a completely new immunomodulatory mechanism based on apoptosis and macrophage polarization was presented for MSCs. Our immune profiling results strongly support this theory, because no obvious differences were seen in the basic lymphocyte profiles between MSC responders and non-responders. We believe that the results from our study will strengthen this new and exciting paradigm shift concerning the immunomodulatory mechanisms of MSCs in aGVHD. Our study is yet limited by the small patient cohort size and the limited possibilities to collect comparable immunoprofiling samples during a longer follow-up period for more patients. Nevertheless, our results also support the immunological safety of utilizing pooled platelet lysate from multiple platelet donors in the production of MSCs. Moreover, our results suggest that serum CK18F could be useful in the prediction of MSC therapy response. Future studies are needed to confirm the potential predictive value of CK18F and the immunomodulatory mechanisms of MSCs in aGVHD.

Materials and Methods {#sec4}
=====================

Production of Mesenchymal Stromal Cells {#sec4.1}
---------------------------------------

Bone marrow-derived, third-party MSCs (in-house product name LY-MSC) were produced under a national ATMP hospital exemption license authorized by the Finnish Medicines Agency (Fimea; national ATMP manufacturing licenses \#6322/20.10.01/2011 and \#5103/20.30.01/2013) according to a validated standard operating procedure (SOP) and predetermined quality requirements in the Good Manufacturing Practice (GMP) facility of the Advanced Cell Therapy Centre, Finnish Red Cross Blood Service (FRCBS), Helsinki, Finland. The clinical-grade LY-MSC production method has been described in detail previously.[@bib9], [@bib38] In brief, each MSC batch was derived from 40 mL of bone marrow from a healthy voluntary donor after adequate testing and health status evaluation. The donor tests are described in detail in Eichler et al.[@bib39] (p.71-72). The MSCs were expanded in pooled platelet lysate. The final LY-MSC product was composed of cells in p2 (detached when 95%--100% confluent), which were washed and frozen in human albumin and 10% DMSO in CryoMACS freezing bags (Miltenyi Biotec, Gladbach, Germany). The LY-MSC batch release was based on predetermined quality criteria covering MSC phenotype, cell morphology, population doubling number, differentiation capacity, *in vitro* immunosuppression capacity, viability, karyotype, sterility, and endotoxin levels. The release criteria for the LY-MSC batches have been described in more detail previously.[@bib39] Each MSC batch was exposed to platelet lysate pools derived from 48 or 96 blood donors and plasma from 12 or 24 donors. An individual patient was treated with cells from one or maximally two individual LY-MSC batches. The cryopreserved cells were delivered frozen to the clinic and used immediately after thawing and diluting bedside. The diluted MSC product contained 2 × 10^6^ cells/mL.

Patients {#sec4.2}
--------

The patient cohort and the MSC treatment protocol in our prospective single-arm study have been described previously.[@bib9] Sixteen consecutive adult aGvHD patients stem cell transplanted at the Turku University Hospital were included in the patient subcohort of this study. The present study cohort consisted of nine male and seven female patients, with the mean age of 46 (range 21--66) years. All patients had undergone allo-HSCT and had steroid-refractory grade II-IV aGvHD.[@bib9] Acute GVHD was graded according to the Glucksberg criteria,[@bib40] and steroid resistance was defined as a lack of response after 5 days of treatment with methylprednisolone (2 mg/kg), progression of the disease, or recurrent aGVHD while tapering steroids. Average time from HSCT to MSC therapy was 70 (range 25--438, median 114) days. The overall grade and the organ-specific stage of GvHD were recorded throughout the study period. The patient subgroup received twice-a-week MSC doses with an average total amount of 4 (range 1--6) doses and with a mean cell dose of 2 × 10^6^ cells/kg (range 1.4--2.7 × 10^6^ cells/kg). The sampling times and day 28 response status of the patients are described in [Table 1](#tbl1){ref-type="table"}.

The response to MSC treatment was assessed on day 28 after the first MSC dose. Organ-specific stage and overall grade were recorded, and the responses were classified as complete response (CR; complete resolution of symptoms), very good partial response (VGPR; decrease in overall grade ≥2 grades), partial response (PR; improvement less than VGPR), and no response (NR). Patients were considered responders if they demonstrated at least PR. The overall response rate in this cohort was 50% (8/16).

The patient groups were not biased for age or the amount of received MSC doses. The mean age was 46.3 (min 21, max 66) years in the responders and 45.6 (min 24, max 60) years in the non-responders (p = 0.9594; Mann-Whitney test). The responder group received in total 3--6 MSC doses (mean 4.8 doses; mean dosing 2.1 × 10^6^ cells/kg), while the non-responders received 1--6 doses (mean 3.8 doses; mean dosing 1.9 × 10^6^ cells/kg). The difference between the groups was not statistically significant either regarding the total amount of doses (p = 0.3587) or the amount of cells per kilogram (p = 0.1201; Mann-Whitney test).

The study was approved by the Ethical committee of Turku University Hospital. A written informed consent, in accordance with Declaration of Helsinki, was received from all patients.

Patient Sample Collection and Lymphocyte Count {#sec4.3}
----------------------------------------------

Blood samples for immune cell profiling were collected from 11 patients and for serum protein analysis from 16 patients. Samples were collected before the first MSC infusion (day 0) and approximately 1--2 weeks and 1 month after the first MSC dose ([Table 1](#tbl1){ref-type="table"}). Cell sample processing was started within the same day, while serum samples were stored at −80°C until use. Lymphocyte differential counting was carried out with flow cytometry using a commercial staining kit for lymphocyte subsets (BD Multitest IMK kit and FACSCanto flow cytometer; Becton Dickinson, San Jose, CA, USA) in Turku University Hospital.

Control Samples from Healthy Individuals {#sec4.4}
----------------------------------------

Samples from eight healthy volunteers were used in the Th cell phenotyping as controls and to demonstrate the levels of Th cells in healthy individuals. For serum protein assays, healthy control samples were collected from 108 voluntary, non-remunerated blood donors at the FRCBS. Collection of the samples for determination of blood biological markers was approved by the Coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa (\#221/13/03/00/2015), and written informed consent was obtained from the blood donors.

Th Cell Phenotyping {#sec4.5}
-------------------

For Th phenotyping, peripheral blood mononuclear cells (PBMCs) were isolated from fresh blood samples collected in EDTA-tubes by using density gradient centrifugation (Ficoll-Paque PLUS; GE Healthcare, Uppsala, Sweden). After isolation the cells were kept in media consisting of RPMI 1640 with 5% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (all from GIBCO, Paisley, Scotland).

For Th cell determination, PBMCs were stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin (both from Sigma-Aldrich, Saint Louis, MO, USA) in the presence of GolgiStop reagent (BD Biosciences, San Diego, CA, USA) for 5 hr in +37°C in 5% CO~2~. The cells were then fixed with Cytofix buffer (BD Biosciences), suspended in FBS containing 10% DMSO (Sigma-Aldrich), and stored at −80°C until labeling and analysis. The baseline secretion of cytokines was assessed from unstimulated cells treated with GolgiStop only. After thawing, Th cell staining was performed with the Human Th1/Th2/Th17 Phenotyping Cocktail (BD Biosciences) according to the manufacturer's instructions. Appropriate isotype controls were used to measure background fluorescence.

For Treg analysis, unstimulated cells were fixed with a formaldehyde-containing fixative from the Human FOXP3 Buffer Set (BD Biosciences) according to the manufacturer's instructions and stored frozen in FBS containing 10% DMSO (Sigma) at −80°C until labeling and analysis. After thawing, the cells were stained with anti-CD4-PerCP-Cy5.5 and anti-FOXP3-Alexa Fluor 647 according to manufacturer's instructions, and appropriate isotype controls (all from BD Biosciences) were used.

We determined to use cryopreserved cells in this assay after a careful comparison with fresh cells. Fixed and frozen cells allowed us to perform the analysis of each patient's samples in the same batch in order to minimize the effects of intra-assay variation. This was done in accordance with the manufacturers' recommendations.

Data acquisition and analysis were carried out using the FACSAria IIu flow cytometer (BD Biosciences) and FlowJo software (version 10.0.7; FlowJo, Ashland, OR, USA).

Serum Protein Analysis {#sec4.6}
----------------------

Concentrations of Reg3α (PAP1; Ab-Match Assembly Human PAP1 kit and Ab-Match Universal kit; MBL International, Des Plaines, IL, USA), CK18F (M30 Apoptosense ELISA; Peviva AB, Sundbyberg, Sweden), and elafin (R&D Systems, Minneapolis, MN, USA) were measured from patient and healthy control serum samples by sandwich ELISA according to the manufacturers' protocols. Serum samples with very high protein concentrations were diluted to match the protocols' ranges of detection. Absorbance at 450 nm was measured by using the ClarioStar reader (BMG Labtech, Ortenberg, Germany). Samples were run in triplicate. Analyses were carried out with the Mars Data Analysis software (BMG Labtech).

Statistical Analyses {#sec4.7}
--------------------

Statistical analyses were performed using the GraphPad Prism (version 7.02) software (GraphPad Software, La Jolla, CA, USA). Kruskal-Wallis test was used in comparison of more than two groups, i.e., patient samples from different sampling points. Mann-Whitney test was used for the comparison of two groups, i.e., patient versus healthy control samples and responder versus non-responder samples. Differences were considered statistically significant when p \< 0.05.
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